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ABSTRACT
A multigroup diffusion code has been used to predict the count rate from a neutron moisture meter for
a range of values of soil water content w, thermal neutron absorption cross section Sa (defined as 2a/p) of
the soil matrix and soil matrix density p that encompasses most of the practical range of interest. Two
dimensions adequately approximated the geometry of the source, detector and soil surrounding the
detector. Seven energy groups, the data for which were condensed from 128 group data set over the
neutron energy spectrum appropriate to the soil-water mixture under study, proved adequate to describe
neution slowing-down and diffusion. The soil-water mixture was an SiO2-water mixture, with the
absorption cross section of SiOi increased to cover the range of £„ required. The size of the system was
chosen large enough to be effectively infinite at the lowest values of o>. Sa and p.
The effect of resonance capture was investigated by adding a group in the resonance energy range, with
capture data appropriate to 1/v and non-l/v capture. The effect of any variation in scattering cross section
of the matrix Ss (defined as 2^/p) was investigated by adding varying amounts of carbon to the soil-water
mixture.
Ignoring the effect of resonance capture leads to errors in estimates of the soil-water content of up to a
few per cent but only at concentrations of resonant absorbers which could be inferred from the
mineralisation of the region or from the high Sa of the soil. Changes of about 5 per cent in S .^ can
produce changes of up to about 10 per cent in apparent water content.
The response to changes in matrix density is, in general, linear but the response to changes in water
content is not linear over the range of parameter values investigated. Tabular results are presented which
allow interpolation of the response for a particular w. Sa and p. It is shown that R(w. Sa, p) = p M(Sa) •!•
C (w) is a crude representation of the response over a very limited range of variation of u>, and Sa. As the
response is a slowly varying function of p, Sa and w, a polynomial fit will provide a better estimate of the
response for values of p, Sa and w not tabulated.
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1. INTRODUCTION
The spatial dependence of the neutron flux about a point source of thermal neutrons in an inf in i te ly
!;;rcc sysiem i" civen by
e~
Kr
 , (1)
where I / K = the diffusion length.
D, = the thermal neutron diffusion coefficient = (32,,.)"1
2,r = the macroscopic thermal neutron transport cross section.
S = source strength (neutrons s~')
r — distance from the source.
If KT is small then the f lux is approximated by
,, , (2)
and. if the medium surrounding the neutron source is soil with water density u> and ma t r ix density p.
equation 2 can be written as
, + pZ*) (3)
4777"
where 2," and 2,, are the thermal neutron transport macroscopic cross section of water and soil
respectively. The count rale in a thermal neutron detector at a distance r from the source then has a
simple linear relationship with the water density in the soil. Moreover, since the thermal neutron
macroscopic transport cross section of water (~ 2.33 cm"') is much larger than t h a t of most soil
consti tuents (e.g. 0.109 cm"1 for SiO: at a density of 1 g cm"-'), the count rate is approximately proportional
to the water density.
This then is the basis of the design of neutron moisture meters tha t have been used for a number of
years to determine the moisture levels in soils [Honig et al. 1971; Zuber and Cameron 1966) and in some
other applications, for example the moisture levels in cereals [Dul la rd and Ely 1961 1. The technique has
the advantages that measurements can be done quickly and easily in the field, no great skill is required in
operating the field equipment, and repeat measurements can be made at the same point in the soil over a
period of time with no perturbation to the medium, apart from the i n i t i a l introduction of the probe hole.
Unfortunately, since thermal neutron sources as such do not exist, a practical neutron moisture meter
consists of a fast neutron (~ 1 McV) source with an associated thermal neutron detector, the surrounding
medium being used to slow the fast neutrons down to thermal energies. The simplest approacl. in th is
si tuation is to use age theory to describe neutron slowing down, and diffusion theory to describe the
transport of the thermal neutrons. Such an approach (Jakeman 1966) predicts the thermal f lux to be
0(r) = ~-~ e^(e-Kr\\-erf(KTh-r/ 2-r')\-eKr\\-erf(KT!+r/ IT';)\\ (4)
where r = the age from the source energy E0 to thermal energies E,/,
f " _J-Mi_ 4i.
E
where D(E) is the diffusion coefficient at energy E. and other quanti t ies are defined in standard texts on
neutron transport (see. for example. \Veinberg and Wigner 1958). It is a reasonable approximation to take
the scattering cross sections and the diffusion cross section D(E) as constant over the range E,/, < E <
E0. and write
log(E0/ Elh) .
Even with this simplifying assumption, it is clear that the l inear relationship that exists between the
thermal flux and the water density in equation (3) is not apparent in equation (4).
Several authors [e.g. Gardner and Kirkham 1952: Holmes 1956: Andrieux ct al. 1962: Semmler 1963|
have used age theory methods. While this theory is very useful in providing a qualitative picture using
essent ia l ly hand calculat ions and good quanti ta t ive answers when the scattering medium is composed of
h e a \ \ nuclei , it is not adequa te to describe a system with a high hydrogen content where there arc
s igni f ican t anisotropic scatter and energy exchange dur ing the slowing down process. Olgaard |1%5| lias
imed three-group diffusion theory to improve on earlier age-theory calculations and achieved good
agreement with some experimental measurements in \anous soil i\pe*. I i is. hov>c\cr. sui-prising. in view
of the many neutron transport codes and data sets available from the field of reactor physics, that, apart
from some calculat ions appropriate to special geometries [Hearst 1%8. 1974|. there is l i t t l e evidence in the
open li terature of more accurate calculat ions than those of Olgaard.
In t h i s study, we have used a multigroup diffusion theory code to calculate the effect of such
parameters as soil-water density, matr ix density, matr ix thermal absorption cross section and matr ix
scattering cross section on the the rmal f lux at a distance from a fast source, typical of the source-detector
separation used in neutron mois ture meters. We assume t h a t the neutron moisture meter probe requires a
neutron source and a neutron detector to be lowered down a 0.05 to 0.1 m borehole into soil or some other
material, and do not consider moisture meters which are designed to measure near-surface moisture using
a probe placed at the surface ol the mater ia l . We h a \ c ignored the effect of self-absorption in the detector
and neutron source, the effect of streaming in the probe hole and the effect of the thickness and mater ia l
composition of the l iner of the probe hole. Although a l l these wil l inf luence the detailed response of the
neutron moisture meter, they are effects which cannot be adequately accounted for using a diffusion theory
code. Moreover, \ \ i t h the geometries typical of neutron moisture meters under consideration it is
reasonable to expect t ha i these effects wi l l not alter the neutron energy spectrum signif icant ly in the region
of the detector, but wi l l appear rather as a scaling factor on the neutron flux. Such a factor wi l l van i sh
when the count rate is considered rela t ive to the count rate wi th the probe in a s tandard assembly, such as
an in f in i t e ly large water system.
The effect of resonance absorption in the epi thermal region on the the rma l f lux has also been studied.
If such an effect is s ign i f ican t then we must find out whether or not there are strong resonance absorbers
in the soil under stud}' and the energies at which the resonances occur. This implies the need for detai led
and expensive chemical analysis . If. however, only the thermal absorption cross section is of significance,
the absorption can be characterised by a 1/v absorption term, with no need to know in detail the nuclei
tha t contr ibute to the absorption.
2. CALCULATIONAL MKTHOO
2.1 Parameters and Their Range of Variation
The thermal f lux in a the rmal neutron detector placed some distance from a fast neutron source
surrounded by a water-soil medium was taken to be a funct ion of the following parameters:
(i) The total water density. CD in g cm~\ This is (he total water density, irrespective of whether
the water is classified as free water, or as water bound in water of cryslallalion or in some
other semi-chemical bond.
( i i ) The matr ix density, p. in g cirT"'. i.e. the density of mater ia l , other t han water, t ha t comprises
the soil. In practice, it is the densi ty of oven-dried soil less the density of bound water.
( i i i ) The thermal neutron mass absorption cross section of the soil matr ix , def ined as Su = Zu/p.
cnr g ~'. where £„ is the thermal neutron macroscopic absorption cross section. The
absorption cross section is t h a t for oven-dried soil corrected for the absorption cross section
of bound water.
( i v ) The mass scattering coefficient of the soil mat r ix S.y = 2v/p cnr g"1. where 2A is the
macroscopic scattering cross section of the soil matrix. As with the absorption cross section
th is is the cross section for oven-dried soil corrected for any bound water content.
The total water density and matr ix density were varied respectively from 0.1 to 0.4 g cm"-' ami from 0.5
to 2.0 g cm~-\ ranges of considerable practical interest in soil and water measurements. The thermal mass
absorption coefficient was varied from 1.70 X 10"-' cnr g"1. the value for pure SiO-.. to IX.91 X 1()~-' cnr
g~'. a range which covers the soils investigated by Graecan and Schrale |1976|. Olgaard |1%5| and our
own investigations in mine overburden dumps |Daniel el til. 1980). The matrix mass scattering coefficient
was varied from 0.109 cm; g~'. the cross section of SiO> to 0.13 cnr g~'. again a range typical of the
composition of many soils.
The mass absorption and scattering coeftlcienls were used, ralher ihan ilie more f a m i l i a r macroscopic
abscippiion an i l scaiterinsi cross sections, lor two icasoiis; it is f requent ly easier In measure soil parameters
per u n i t mass than per u n i t volume: m a n i p u l a t i o n o! the scattering and absorption pauunele is to p m v i d e
i n p u t data to the nuc lea r codes used lor the various soil-water mixtures investigated was considerablv
s impl i f ied .
2.2 System Ceometn
The source, probe and scattering medium were modelled in cyl indr ical geometry wi th the .source and
detector on the axis of the cv Under (see Figure 1) . Such a geometry is a reasonable representation of the
physical arrangement of most neutron moisture meters, in par t icular , those t h a t use a Li-glass s c in l i l l a l o r
as the thermal neutron detector such as the one sho\\n in Figure 2. The geometry also a l lows (he source-
detector separation to be treated as var iable . In principle, such a represeiilalion also a l lows the detailed
mater ia l composition of such i tems as the neut ron source and the y shield between the source and
detector, and of the detector itself to be included, and l l i e i r effects calculated. However, the large change in
neu t ron mean free p a t h in crossing the boundar ies of these en t i t i e s and the si/.e of these en t i t ies w h i c h is
smal l compared to the mean free paths, would provide a severe test ol the d i f l u s i o n t h e o r v used in the
ca lcu la t ions . Am such ca lcu la t ion would need to be checked against other ca lcula l ional tools, such as a
t ranspor t theorv code or a Monte Carlo code, or agains t expe r imen ta l resul ts .
In the present series of calculat ions, the t h e r m a l f l u x at the centre of t h e detector posit ion was t aken as
a measure of the probe count rale and the source of neu t rons assumed s i tua ted at the centre of the
c v l i n d r i c a l volume d e l i n e a t i n g the a c t u a l neu t ron .source \o lume. No specific account was taken of am
per tu rb ing effect of the detector or of the source mate r i a l . Such effects w i l l be considered in a l a te r series
ol ca lcu la t ions .
Apar t from the question of model l ing the gcomelrv of the .system, ll iere are the quest ions of how large
the system mus t be to make it effectively i n f i n i t e and w h a t mesh i n t e r v a l to choose. The si/e is de termined
bv the wa te r dens.it> of the so i l -wate r m i x t u r e - t h e greatei t he w a t e r densi ty, the smal le r the physical si/e
need be to make t he system appear i n f i n i t e . To avoid c o n t i n u a l changes in the si/e chosen for the svsicm.
ca lcu la t ions were done w i t h w a t e r densit ies at 0.01 g cm ' to f i nd the si/.e whe re am increase in si/e
produced less t h a n 0.1 per cent changes in the t h e r m a l f l u x at the probe. This si/e. 300 cm long and 150
cm radius was used for al l soi l-water m i x t u r e s considered. Check ca lcu la t ions f u r t h e r showed t h a t
su f f i c i en t accuracy could be m a i n t a i n e d us ing 21-) r ad i a l and 70 ax i a l mesh points.
2.3 \eu(ronics Codes Used
A n c i l l a r y to the problem of carrying out a m u l t i g r o u p d i f fus ion c a l c u l a t i o n arc the ques t ions ol'
choosing data appropriate to the nuc le i present in (he soi l -water m i x t u r e and of producing mass
coefficients t h a t are averaged over the appropr ia te neutron energy spectrum. The ADS m o d u l a r svsicm
(Robinson I1J75| of nuc lea r reactor neut ronics codes was used for th i s task. The l ib ra ry of the svs tem
contains cross section data, derived in the m a i n from the HNDF/B l ibrary ( l l o n e k 1%4|. for a large
n u m b e r of nucle i in the form of cross sections averaged oxer 12S groups s p a n n i n u the energ> range 15
MeV to I . 3 I N X 10 ; eV. The M I R A N D A code |Robinson 1477] of the ADS system was used in the b u l k
of the ca lcu la t ions to condense the I2S group cross sections for the nucle i taken to form a pa r t i cu l a r soil-
w a t e r mixture, to a 7-group cross section set using a neu t ron energy spectrum appropr ia te to t h a t so i l -water
mixture . Seven groups, whose boundaries are g iven in Taole 1. were found s u f f i c i e n t l y accurate over the
range of soi l -water mix tures covered.
POW (Po l l a rd I974|. ano the r module of the ADS system, is a three-d imensional imil i igroup d i f fu s ion
theory code which, in the present case, was used to ca lcu la te the f l u x d i s t r ibu t ion in the two-d imens iona l
representation of the system shown in Figure 1. In par t icu lar , the code was used to ca l cu l a t e the t h e r m a l
flux at the detector position to invest igate changes in the response of the probe as such parameters as
water density and mat r ix dens i ty were var ied .
To es t ima te the effects of resonance capture, an element wi th resonance capture was added to the soil-
water m i x t u r e and a f u r t h e r energy group added to the 7-group set to accommodate the resonance region
of the element. The non-l/v resonance absorption in t h i s group was calculated using the code RF.SIN
|Robinson l')SO|. which modified the resonance integral for the element at i n f i n i t e d i l u t i on to account for
both the concentration of resonance absorber in the soil-water mixture and the scattering properties of the
soil-water mixture . A f u r t h e r calculat ion evaluated the appropriate group average mass coefficient for the
soil-water-absorber mix tu re but w i t h the assumption of l/v behaviour for absorpt ion in the resonance
absorber over the whole energy range. The absorption cross section in the 'resonance' group of t h i s l a t t e r
data set was then increased by the factor required to account for the tola! of l /v and resonance absorption.
2.4 System Specification
Most systems studied were composed of mixtures of SiO; and water, the respective proportions being
u'ciamiruJ !n ;';c i\i,-u;;7o!crv p ;;;?J i->. The cro« sect ions of silicon, oxygen anil water were combined bv
the code MIRANDA to give a cross section set for each mixture. It should be stressed that the cross
sections in the thermal region for walcr were llio.se appropriate to water and took proper account of the
chemical bonding in the water molecule.
The thermal absorption cross section of the matr ix was varied by m u l t i p l y i n g the absorption cross
section in the thermal group by a suitable factor. Except when the question of resonance absorption was
being specifically examined, the mass absorption coefficient was assumed to have a 1/v dependence and
hence the mass absorption coefficient in all other groups was scaled by the same factor as tha t of the
thermal group. The thermal absorption coefficients quoted in this paper are the absorption coefficients for
neutrons of velocity 2200 m s"1 and not in fact the average absorption coefficients for the ' thermal' group.
These average \ a lues wi l l change as the neutron energy spectrum changes w i t h changes in (he ratios of
soil, water and absorber concentration.
The scattering coefficient was varied by adding differing amounts of carbon to the mixture. This \\as a
simple th ing U) do using the MIRANDA data set and has the advantage that , since carbon has a very
small mass absorption coefficient (1.7 X II)""4 cnr g~') but quite a large mass scattering coefficient (0.2725
cnr g~'). compared to SiO: at 1.7 X 10~-5 cnr g~' and 0.109 cnr g~' respectively, small addit ions of carbon
change the scattering coefficient of the mixture s igni f icant ly but al ter the absorption coefficient b\ onl\ a
small amount. I t also represents in a reasonable fashion, the variat ion in the scattering coefficient of most
soils since this is due to the variat ion in the amount of l ight nuclei present, pr imar i ly oxygen but also
carbon and. to a lesser extent, nitrogen. It is these nuclei rather than the heavier ones such as silicon,
a l u m i n i u m , iron. etc. which will affect the slowing down properties of the soil and hence the thermal f l u x
at the detector.
The spectrum used for the fast source was t h a t reported by Medvec/.ky |1%1| for a rad ium-bery l l ium
source. This should be s imi l a r to other a.n sources, but some differences must be expected since the
spectrum depends not only on the a source but. to some extent, on the size of the source itself (Anderson
and Bond 1963: Thompson and Taylor 1965: Anderson and NelT 1972). I t is also reasonable to expect
tha t the dependence of the thermal flux on the parameters w. p. S,, and S .^ would be l i t t l e changed if the
source were a fission neutron source such as "Cf. The source energy spectrum condensed over the lop
five energy groups used is shown in Figure 3.
A soil-water mixture with resonance absorption properties was achieved by adding varying
concentrations of ei ther cobalt or molybdenum to a specified SiCX-water mixture. Cobalt has marked
resonance absorption in the energy range 30 to 500 eV, while the major part ol" the resonance absorption
cross section for molybdenum spans the wider range of about 30 to 800 eV and has smaller and somewhat
more widely spaced resonance peaks than has cobalt. The position of the lowest energy resonance in
molybdenum at 45 eV is lower than t h a t in cobalt which is at 132 eV. while its ratio of resonance to
thermal absorption is larger than tha t for cobalt which has. at 37.2 barns, a comparatively high the rma l
mass absorption coefficient. The behaviour of the resonance absorption and thermal absorption
coefficients of these two elements spans, in a reasonable way. the behaviour of the absorption coefficients
of other resonance absorbers likely to be found in soils in appreciable concentrations and hence are
reasonable elements to choose when investigating the effect of resonance absorption on the performance of
a neutron moisture meter. Moreover, the coefficients for these two elements are well documented in
nuclear data libraries.
3. RESULTS AND DISCUSSION
The variat ion of the thermal f lux at the detector position as the water content the density and the
thermal absorption coefficients of t he 'soil' vary is shown in Table 5 for three different values of the mat r ix
mass scattering coefficient. Note t h a t t h i s t h e r m a l flux, w h i c h is proport ional to the count rate from a
neutron moisture meter, is specified wi th in an arbitrary scale factor. The way in which the probe response
x . i i ' i o s \ \ i : h ;hjv pa.-a^vier1- is discussed '" some detail below, together wi th some discussion on the
response of the probe to both the presence of resonance capture and variations in the source-detector
.separation.
3.1 The Effect of Source-detector Separation
As expected, the highest count rate in the detector occurs with the source and detector coincident
(Figure 4a). However, while some types of neutron moisture meter are constructed wi th source and
detector coincident, or nearly so. others (see. for example. Figure 2) have the detector separated from the
source. Al though an increase in this separation clearly decreases the count rate in the detector, and hence
the sensi t ivi ty of the probe, it does, as discussed below, improve some other properties of the probe.
Figures 4b.c and d show the count rate in the detector as a funct ion of water concentration, for var ious
source-detector separations and a variety of S, values. I t can be seen tha t , as noted p rev ious ly ( U o / . n i a k
ll)73: Olgaard anil l l a a h r 1%7|. there are s igni f icant changes in the slopes and shapes of the curves as the
source-detector separation varies. Examina t ion of these relat ionships enables a separation to be chosen
which results in a closely l inear respcnse for the neu t ron moisture meter. Whi le it is clear t ha t such
l inear i ty does not hold for all mass absorption coefficients. Figures 4b.c and d show clearly tha t , if a
separation of 4.59 cm were used, the assumption of l i n e a r i t y would not introduce s ign i f ican t errors as long
as S,, is between 0.00171 and 0.006305 cnr »" ' : even wi th Su as large as 0.01 SS) cnr g ~ ' . the m a x i m u m error
introduced would be only ± 3 per cent. A source-detector separation of 5.74 cm was used in all o ther
calculat ions, t h i s being close to the source-detector separation in the probe used by Danie l el al. |19NO|.
3.2 The Importance of Resonance Capture
Table 2 presents values of the non-l/v resonance mass absorption coefficients for cobalt appropriate lo
the energy group t h a t spans its resonance region, and shows how the magn i tude of the resonance mass
absorption coefficient is modified by changes in both cobalt concentrat ion and water dens i ty for soils of
representative ma t r ix density and thermal neutron mass absorption coefficient. The table also shows the
factor by which the group coefficient had lo be mul t ip l i ed lo yield the correct va lue for the total 1/v and
non-l/v absorption in the resonance group.
Figure 5a shows the extent lo which the f lux at the detector position decreases wi th increasing
concentrations of cobalt in the soil-water-cobalt m ix tu re when proper account is taken of resonance
absorption in the cobalt, whi le Figure 5b shows the percentage error tha t would arise in an es t imat ion of
the water densi ty if resonance absorption were ignored. In these ca lcula t ions the t h e r m a l mass absorption
coefficient of the ma t r ix S,, prior to addi t ion of the cobalt was the same as tha t for the ca lcu la t ions
presented in Table 2. F'igure 5b shows tha t the error in the water content is less t h a n 2 per cent, even al
cobalt densities as high as I0~ : g cm~-\ Apart from the fact t h a t such levels would const i tute s igni f icant
mineral isa t ion, such a cobalt concentration would add appreciably lo the the rma l mass absorption
coefficient of the soil. For example, a cobalt concentrat ion of I mg g"1 adds about 10 per cent to the
magni tude of Su for a dry SiO; matr ix .
Table 3 and Figure 6 present the results of s imi la r calculat ions for molybdenum as the resonance
absorber. The concentivi l ions chosen for molybdenum were those t h a t gave the same S,, for the soil-
molybdenum mixtures as for the soil-cobalt mixtures. The fact tha i the molybdenum concentrat ions are
higher than the cobalt concentrations largely reflects the fact t h a t the thermal neut ron microscope
absorption cross section for molybdenum is smaller than tha t for cobalt (see Table 4). F'igure 6b shows
tha t the error in the water content, which results from ignoring resonance capture when molybdenum is
the resonance absorber, is < 1.2 per cent compared to < 0.3 per cent in the case of cobalt when they are
present in concentrations tha t would increase Sn for a dry. SiOi matrix by about 10 per cent. The error al
the concentration, which would correspond to an approximate doubl ing of S,, lor a dry. SiCK matr ix , is at
most about 5.5 per cent.
I t is clear from the above t h a t systematic errors of a few per cent could arise in the value of the water
content estimated from neutron moisture meter data if the effects of high concentrations of resonance
absorbers were ignored. I t is useful, then, to have some means of assessing whether or not resonance
absorbers are present in high concentrations and some recipe for es t imat ing the errors l ike ly to arise if the
presence of a par t icular absorber is ignored.
Table 4 indicates that most of the elements with high resonance absorption cross sections are 'minerals'
and. hence, their presence in concentrations high enough lo warrant concern would correspond to
minera l i sa t ion of the region in which the neutron moisture meter measurements were made. Furthermore.
Table 4 shows that elements with high resonance absorption also tend to have high thermal neutron
absorption cross sections and so their presence in high concentrations leads to a high value of S0. As
pointed out below, the soil &„ is an important parameter which must be known if absolute water content
values arc to be derived from neutron moisture meter readings.
Figures 5b and 6b and the ratios of RI/cr a( th) from Table 4 suggest that the error in the water content,
consequent on ignoring the effect of resonance absorption, is approximately proportional to RI/CT f l(th).
This provides a rough guide for estimating the effect of ignoring resonance absorption. For example, if we
suspect the presence of caesium (RI/cr a ( th) ~ 14) in quantities which would contribute the same amount to
Sa as 245 mg cm"-' of molybdenum, then the expected error in the water content would be 5.5 X 14/8 ~ 10
per cent compared to ~ 5.5 per cent for molybdenum with an RI /<r n ( th ) of ~ 8.
3.3 Variation of Probe Response as a Function of Water Density w
As expected en the basis ol" both age diffusion theory and Olgaard's |1%5| three-group diffusion theory
calculations, the probe response is not, in general, a l inear funct ion of the water density. I - x a m i n a l i o n of
Figures 7 to 11 . however, shows that, at each matrix density, the curves are more nearly straight lines as the
water density increases. This trend is more pronounced as the matrix density increases and as the mass
absorption coefficient decreases.
A systematic error in the estimate of the water content of the soil obtained from the moisture meter
reading will result if a l inear response is assumed. The magnitude of this error clearly depends on the
magnitudes of the matrix density, the soil water content and the thermal neutron mass absorption
coefficients of the soil, but for p between 1.0 and 1.667 g cm"3. S,, between 6.3 X l()~3 and 18.9 X 10"3 cnr
g "'. and M between 0.2 and 0.3 g cm"3, it varies between about 2 per cent and 10 per cent.
3.4 Probe Response as a Function of the Mass Absorption Coefficient S0
Figures 12 to 16 show tha t the change in the probe response as a function of the thermal neutron mass
absorption coefficient is quite marked and also non-linear. The curves in Figures 12 to 16 also show tha t
the fractional decrease in the count rale with increasing absorption increases as ;vatcr density decreases.
This is to be expected because the comparatively large thermal neutron mass absorption coefficient of
water, 22.2 X 10~3 rnr g "'. will mask the effect of increasing matr ix absorption when the water densi ty is
high.
Increasing water density in the matrix surrounding the detector also modifies the neutron energy
spectrum and hence the effective neutron mass absorption coefficient. At a matrix density of 1.0 g cirT\
the neutron mass absorption coefficient in the thermal group increases by 2 per cent at the lowest Su. and
by less than 1 per cent at the highest Sa as the water density increases from 0.1 to 0.4 g cm"3, while at the
highest matrix density the increases are 1.5 and 2 per cent. These small changes indicate lhat although
there is a spectrum shift as the water density changes, the shift has a comparatively small effect on the
group-averaged coefficients.
3.5 The Effect of Changes in the Matrix Mass Scattering Coefficient Ss
From Figures 17 and 18 it can be seen tha t the f lux at the detector increases wi th increasing matrix
mass scattering coefficient This is to be expected, as increases in the scattering coefficient wil l have a
similar effect on neutron transport processes as small changes in the water content. As with changes in Sa.
changes in the mass scattering coefficient Ss lead to the greatest fractional changes in the estimated water
content when the water content is lowest. This fractional change is also greater the lower is S0. A 5 per
cent change in the mass scattering coefficient leads to an apparent change in the water content tha t varies
from about 1 to 11 per cent as Sa. p and <u vary from 1.71 X 1()~3 cnr g"'. 1.0 g cm"3 and 0.4 g cm"3 to
18.9 cm2 g"1. 2.0 g cm"3 and 0.1 g cm~3. As the variation in the mass scattering coefficient of soils is
typically about 10 per cent an uncertainty of about 1 to 11 per cent would be introduced into the value of
the water content estimated from a neutron moisture meter reading if the effect of changes in this
parameter were completely neglected.
Unlike the mass absorption coefficient where small fractions of large absorbers can have a
considerable effect on the macroscopic cross section, the main contribution to the mass scattering
coefficient comes from the major components in the matrix. This means that, if the proportions of the
major constituents can be determined, e.g. by chemical analysis (in particular oxygen, silicon, iron,
magnesium, a luminium and carbon), the uncertainty in the probe response due to uncertainty in the mass
scattering coefficient can be reduced to insignificant levels.
3.C> Probe Kesponse as a Function of Matrix Dcnsit)
It can he seen from Figures 19 to 23 that, over almost the whole range of parameters considered, the
probe response increases linearly with matrix density, but tha t the slope of the line decreases as the matr ix
absorption increases. However, at the highest absorptions the relationship between probe response and
matrix density is no longer linear.
Therefore, over most of the range of the parameters the response can be represented as
R ( p . S a , t a ) = pM(ta,Sa) + C(u,Sa). (5)
Figures 24 a and b show the slope M and the intercept C as functions of the absorption Sn for fixed water
density w. and Figures 25a and b show the slope and intercept as functions of water density for fixed
absorption. I t can be seen from Figure 24a tha t the slope decreases p.ionotonicall) wi th increasing
absorption and tha t the slopes at different water content gel closer together and intercept ;<s absorption
increases. Figure 25a shows that , although at the lower absorptions the slope increases with increasing
water density, it decreases with increasing water density at higher absorptions. It is also clear from Figures
24a and 25b that, for Sfl and to greater than about 8 X K)"-1 cirr g~' and 0.1 g cm"-' respectively, a crude
representation of the probe response would be
R(p,Sa,<a) = p M ( S a ) + C(w) . (6)
The range of appl icabi l i ty of this expression is not too restrictive with respect to w. But soils with S,,
greater than 8 X HP3 cm2 g~' are relatively uncommon.
Using experimental measurements, other workers have found t h a t reasonable corrections for density
variation can be made by an empirical rule. For example Olgaard |1965] derived
^ = ku+ C (7)
dp
where 0 is the count rale, to the concentration of water, k and C are constants which are sl ightly d i f ferent
for d i f ferent *,oils: whi le Greacen and Schrale |1976| derived
0, = 0r(ft/ pf (8)
where 0^ is the count rate which would be obtained with a standard density ps calculated from the
observed count rate cj)r in soil density p. The index P is a constant which varies from soil to soil but using
P = 0.5 for all soils did not produce a value which was significantly different from tha t obtained using the
opt imum value of P.
Neither of the empirical expressions (7) and (8) are consistent with approximate expression (6) or with
the results presented in Figures 7 to 11 . In part icular , the fractional index t h a t appears in expression (8) is
a surprise and hard lo understand when the way neutrons interact with mailer is considered.
4. CONCLUSIONS
Resonance capture affects the response of a neutron moisture meter only when elements, hav ing
signif icant resonance capture, such as the rare earths, cobalt, manganese, /.inc. etc.. are present in the soil
in concentrations which would be reflected in a high thermal mass absorption coefficient or in signficant
mineral content of the soil. The implication is that , apart from a few exceptions, the neutron capture
properties of a soil can be characterised by a thermal neutron mass absorption coefficient which need not
be identified with any particular nucleus. Such a cross section is best measured by some nuclear
technique [for example, McCulloch and Wall 1976). as the mass absorption coefficient can be inf luenced
by smal l proportions of high neutron absorbers, such as boron, which are expensive and inaccurate to
determine by chemical analysis.
Even when neutron moisture meters are used lo determine the water content of mine overburden heaps
| for example. Daniel el al. 1980] materials with high resonance capture are un l ike ly to be present in
concentrations great enough lo warrant taking resonance capture effects into account. Such effects cannot
always be neglected. If attempts were made to measure the water content in and around a u ran ium ore
body containing the mineral xcnotime which contains the elements Sin. Eu. Gd. Dy. Ho. Er. Yb. Th and
U. the concentration of Gd alone would make it impossible to analyse sensibly any neutron moisture
meter data.
The differing composition of soils can load to a v a r i a b i l i t y of about ± 5 per cent in the mass scattering
coefficient of the matrix. This, in turn, can lead to apparent changes of water content by up to about 10
per CCIIL depending on ilic magnitude ->f such parameters as matrix density, thermal neutron mass
absorption coefficients and the water content itself. Fortunately, the mass scattering coefficients of most
elements are of similar magnitude and the bulk of the matrix mass scattering coefficient is made up by a
few elements. It is therefore possible to reduce the uncertainly in the mass scattering coefficient, and hence
in the estimated water content to the extent required, by resort to comparatively inexpensive chemical
analysis.
This leaves the water density, matrix density and thermal neutron mass absorption coefficient as the
main variables on which the response of the neutron moisture meter depends. Over much of the range the
response depends linearly on the matrix density p and can be written as
R(p,Sa,<o) = pM(ta,Sa) + C(<,j,Sa) .
As the dependence of M on Sa and C on w is much less marked than their dependences on u> and S,,. a
crude representation of the response for Sa > 8 X 10"-1 cnr g ~' and ta > 0.1 g cm"'1 is
R(p,Sa,u) = pM(Sa) + C(u>) .
It is possible that for some applications this relationship is sufficiently accurate.
However, the detector response is. in general, a non-linear function of p. Sa and w over the range of
variability that these parameters have in most practical applications. Fortunately, this function is
sufficiently slowly varying, and access to computers is now so common, that application of simple
polynomial fits to the data presented here provides a practical method of interpolation to find the response
for values of p, S0, S5 and w that pertain to a given s i tua t ion (see. for example. Wilson 1983].
5. ACKNOWLEDGEMENTS
It is a pleasure to record the assistance and instruct ion given by Dr J. Pollard and Mr G. Robinson in
the use of some of the computer codes used in this report. Without this guidance the setting up of the
models would have been extremely tedious.
6. REFERENCES
Anderson, M.E. and Bond. W.H. [1963| - Neutron spectrum of a plutonium-beryll ium source. Nucl. Phys..
43:330-338.
Anderson. M.E. and Ncff, R.A. |1972) - Neutron energy spectra of different size :-wP;/-Be(a.n) sources.
Nucl. lustrum. Methods. 99:231-238.
Andrieux. C.. Buscarlct, L. Guitton, J. and Merite. B. |1962] - Mcsure en profondeur de la tcneur en eau
dcs sols par ralentisscment des neutrons rapides. Proc. Symp.. Bombay. 26 February-2 March.
IAEA, Vienna, pp. 187-219.
Ballard. L.F. and Ely. R.L |1961] - Moisture determination in corn by neutron moderation. ORO-485.
Daniel. J.A.. Harries. J.R. and Ritchie, A.I.M. J1980) - Water movement caused by monsoonal rainfal l in an
overburden dump undergoing pyritic oxidation. In Biogeochemistry of Ancient and Modem
Environments (Eds. Trudinger. P.A.. Walker, M.R.. Ralph, B.J.). Aust. Acad. Sci.. Canberra,
pp.623-629.
Gardner. W. and Kirkham, D. J1952] - Determination of soil moisture by neutron scattering. Soil Sci..
391:73-74.
Glasstone. S. and Edlund, M.C. |1958) - The elements of nuclear reactor theory. Van Nostrand. Princeton.
Greacen. E.L. and Schrale. G. |1976| - The effect of bulk density on neutron meter calibration. Aust. J.
Soil Res.. 14:159-169.
Hearst, J.R. [1968] - Effects of medium variations on the measurement of in situ hydrogen content.
Geophys.. 33, 4:657-667.
Hearst, J.R. [1974| - Neutron logging in partially saturated media. Proc. Int Seminar on Instruments and
Systems for Measuring and Monitoring Water Quality and Quantity, Chicago.
Holmes. J.W. [1956] - Calibration and field use of the neutron scattering method of measuring soil water
content Aust. J. Appl. Sci., 7:45-58.
Honek. H.C. [1964| - ENDI- - evaluated nuclear data file description and specifications. BNL S3S1.
Honig. A.. Pospisilova-Rothseheinova. Ludinila. Kablena. P. and Hainma. J. j i ^ T i j - Coinmcicial poiuil i ic
gauges for radiomctric determination of the density and moisture content of bui lding materials -
a comparative study. IAEA. Vienna. Technical Report Series No.130.
Jakeman. D. J1966] - Physics of Nuclear Reactors. English Universities Press. London.
McCulloch. D.B. and Wall. T. |1976| - A method of measuring the neutron absorption cross sections of soil
samples for cal ibrat ion of the neutron moisture meter. Nucl. lustrum. Methods. 137:577-5X1.
Medveezky. L. |1961] - Be(a.n) Neutronforra.sok Energiaspeklruma. Atomki Kozlemenyck 3:2-3. Debrecen.
Hungary.
Mughabgl iab. S.F. and Garber. D.I. |1973| - Neutron cross seclions. Vol.1: Resonance parameters. BNL-
325. Vol.1. 3rd Ed.. Nat iona l Neutron Cross Section Center. Brookhaven Nat iona l Lab.
Olgaard. P.L. |1%5| - On the theory of the neutronic method for measuring the water content in soil. Riso
Report No.97. Danish Atomic Energy Commission.
Olgaard. P.L. and Haahr. V. [1967] - Comparative experimental and theoretical invest igat ions of the DM
neutron moisture probe. Nucl. Eng. Des.. 5:311-324.
Pollard. J.P. [1974| - AUS module POW - A general purpose 0. 1 and 2D mull igroup neutron di f fus ion
code inc luding feedback-free kinetics. AAEC/E269.
Robinson. G.S. |1975] - AUS - The Austra l ian modular scheme for reactor ncutronics computations.
AAEC/E369.
Robinson. G.S. [198()| - Private communication.
Robinson. G.S. |1977| - AUS module MIRANDA - A data preparation code based on mult i -region
resonance theory. AAEC/E4K).
Semmler. R.A. |1963| - Neutron moderation moisture meters. Analysis of applicat ion to coal and soil.
Final report COO-712-73 (September).
Thompson. M.N. and Taylor. J.M. |1965| - Neutron spectra from Am-a-Be and
Ra-o-Be sources. Nucl. lus t rum. Methods. 37:3()5-3()S.
Weast. R.C. (Editor in Chief) [1967-196S| - Handbook of Chemistry and Physics. 4cSth Edit ion. Chemical
Rubber Co., Cleveland. Ohio.
Weinberg. A.M. and Wigner. E.P. |195>S| - The Physical Theory of Neutron Chain Reactors. Univers i ty ol
Chicago Press. Chicago.
Wilson. D.J. |1983| - Nuclear moisture meters: The effects of various soil parameters. Nucl. Tech.. 60:155-
163.
Wo/.niak. J. |1973] - Calibration of neutron gauges for measuring the soil moisture content in the 4n
geometry. IJJ 27/1. Poland Ins t i tu te of Nuclear Techniques.
Zuber. A. and Cameron. J.F. |1966| - Neutron soil moisture gauges. At. Energ. Rev.. 4. 143-166.
11
TABLE 1
GROUP STRUCTURE USED IN THE POW CALCULATION
(Pollard 1974|
Group ______ E nergv. _Ra_nge ___
1 15 MeV- 6.065 MeV
2 6.065 MeV - 4.724 MeV
3 4.724 MeV - 2.865 MeV
4 2.865 M e V - 1.73S MeV
5 1.738 MeV -302.0 keV
6 302.0 kcV - 0.414 eV
7_ ____ _( ]A_ 1 4_c V - OAK)]. 026_e V
Extra groups inserted for resonance calculation
Cobalt 5X3 eV - 37.3 eV
Molybdenum 74S.5 eV - 2.051 eV
TABLE 2
RESONANCE ABSORPTION DATA FOR COBALT
'Resonance' group covered the energy range 5S3 eV to 37.3 eV.
Matr ix used was SiO: at 1.6667 g cm"''
with Su ( t he rma l ) 6.305 x I t ) " - ' cm: gH
CojUjUM)] JLCITT' Co at (].()[ g cm '
Water Above l/v Factor by Above 1/v Factor by
Content RI which to RI which to
(g cm"-') barns mul t ip ly S,, barns m u l t i p l y S,,
of resonance of resonance
.group gi°.y.p___
0.1
0.2
0.3
0.4
55.5661
56.9477
57.6622
58.1005
9.1172
9.25 1 5
9.3213
9.3640
40.1581
44.2014
46.6924
48.4361
42.9131
46.S570
49.2901
50.9930
RI = Resonance integral: at i n f in i t e d i lu t ion this is 60.2273 barns
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TABLE 3
RESONANCE ABSORPTION DATA FOR MOLYBDENUM
'Resonance" group co\eied the cncrg) range 748.5 eV !o 2.05! eV
Matrix used was SiO: al 1.6667 g crrT'
with Sa ( thermal) = 6.305 x l<r-' cm: g " 1
Mo at 0.0245 a cm-
Water
Content
(g cm"')
0.1
0.2
0.3
0.4
Above 1/v
RI
barns
1 9.8209
2 1.23 IS
22.0937
22.6779
Factor by
which to
m u l t i p l y Sa
of resonance
group
9.053S2
9.43152
9.66289
9.81989
Mo at 0.245 u CUT''
Above 1/v
RI
bams
10.3246
1 1 .8649
13.0257
13.9590
Factor by
which to
mult iply S,;
of resonance
uroup
31.6291
35.7745
38.9007
41.4247
RI = resonance integral: at in f in i t e dilution this is 26.0726 barns
TABLE 4
SOME ELEMENTS HAVING SIGNIFICANT RESONANCE INTEGRALS
Element Microscopic Resonance Energy at
Thermal Absorption Integral* First Resonance*
Cross Section
tr.(th) RI
bams barns (cV)
Co
Zn
Ga
Ge
As
Br
Nb
Mo
Sn
Sb
Cs
Ba
Sm
Eu
Gd
Dy
Ho
Er
Yb
Hf
W
Th
U
37.2
1.1
1.68
2.3
4.3
6.8
1.15
2.65
0.63
5.4
29
1.2
5800
4600
49000
930
66.5
162
36.6
102
18.5
7.4
7.6
75.5
2.3
15.6
6.1
60
90
8.5
22
6.1
175
415
7.5
1400
2430
390
1600
700
740
182
2000
352
70
280
132
530
95
105
47
35.6
35.9
45
39.4
6.24
5.9
24.5
0.1
0.327
2.01
2.72
12.8
0.47
0.597
30.5
4.14
21.7
6.68
Abundance in
Earth's Crust '
(g/t av.)
23
132
15
7
5
1.6
24
15
40
1
7
250
6.5
1.1
6.4
4.5
1.2
2.5
2.7
4.5
69
12
4
Mughabghab and Garber (1973| + Weast 11967-68)
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TABLE 5
VARIATION OF THERMAL FLUX AT THE DETECTOR POSl 1 ION
AS A FUNCTION OF MATRIX DENSITY p. WATER DENSITY w.
THERMAL MASS ABSORPTION COEFF1C1EN1 S,,
AND MASS SCATTERING COEFFICIENT S,
Muss scattering coefficient S, = 0.10X44 cm*g "' (no added ciirhon)
Absorption S,,
(cm- g ' )
1.7088 x l<r ;
3.4 18 x l ( ) - !
6.305 x l(r ;
11613 x l < r ;
18.914 x Mr '
\V;iler
Density <u
(g cm"'')
O.I
0.:
0.3
0.4
0.1
0.2
0.3
0.4
O.I
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.5
1.0144
2.5661
4.5134
6.931 )S
0.865 1
2.3 1 36
4.2361
6.4949
0.7034
2.0102
3.S02I
5.9423
0.5041
1.5 70S
3.1159
5.0193
0.3939
1.292S
2.6443
4.3488
Mi i t r i x
1.000
1.7621
3.8007
6.2137
8.8566
1.4011
3.2236
5.4474
7.9225
1.0575
2.6033
4.5720
6.8184
0.6942
1.8440
3.3965
5.2369
0.5167
1 .4293
2.7034
4.2504
Density p
1.333
2.3064
4.6479
7.2970
10.1097
1.7802
3.8201
6.2221
8.8146
1.3044
2.9889
5.052 1
7.3486
0.8284
2.0323
3.5918
5.3961
0.6050
1 .5379
2.7832
4.2565
(g CITT ;)
1.667
2.8870
5.5154
8.3809
11.3441
2.1765
4.4277
6.9752
9.6674
1.5601
3.3612
5.5117
7.8445
0.9665
2.2200
3.7851
5.5552
0.6957
1.6497
2.8729
4.2853
2.000
3.497 1
6.3961
9.4579
12.5522
2.5882
5.0283
7.7083
10.4827
1.8230
3.7441
5.9525
8.3097
1.1073
2.4053
3.9727
5.7090
0.7878
1.7612
2.9653
4.3243
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TABLE 5 (Continued)
VARIATION OF THERMAL I-LUX AT THE DETECTOR POSITION
AS A FUNCTION OF MATRIX DENSITY p. WATER DENSITY w.
THERMAL MASS ABSORPTION COLmCILNT S,,
AND MASS SCATTERING COEFFICIENT S,
Mass scattering coefficient Ss = 0.12 cnv g~' (0.002104 x 1():4 atoms C
added to each gram of soil)
Absorption Su Water Matrix Density p (g cm ;)
(cm-g ')
1.70S8 x 10 ;
3.418 x 10-'
6.305 x !()-•'
12.613 x 10"'
18.914 x HP'
Density to
(a cnr'')
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.5
1.0858
2.6811
4.7337
7.1080
0.9269
2.4181
4.3756
6.6610
0.7542
2.1012
3.9269
6.0933
0.5411
1.642!
3.2176
5.1450
0.423 1
1.3508
2.7288
4.4548
1.000
1 .9365
4.0589
6.5358
9.2244
1.5429
3.4497
5.7320
8.2527
1.1663
2.7841
4.8116
7.1020
0.7672
1.9737
3.5750
5.4539
0.5708
1.5289
2.8435
4.4231
1.333
2.5643
5.0140
7.7429
10.6107
1.9832
4.1316
6.6052
9.2525
1.4560
3.2300
5.3646
7.7133
0.9268
2.1984
3.8151
5.6637
0.6765
1.6625
2.9540
4.4636
1.667
3.2364
5.9952
8.9522
11.9766
2.4463
4.8198
7.4565
10.2106
1.7573
3.6707
5.8940
8.2852
1.0913
2.4215
4.0492
5.8621
0.7852
1.7980
3.0708
4.5216
2.000
3.9477
6.9962
10.1607
13.3194
2.9294
5.5079
8.2877
11.1276
2.0681
4.1056
6.4022
8.82 1 3
1.2591
2.6404
4.2747
6.0598
0.8952
1.9317
3.1876
4.5855
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TABLE 5 (Continued)
VARIATION OF THERMAL FLUX AT THE DETECTOR POSITION
AS A FUNCTION OF MATRIX DENSITY p. \VATFR DENSITY «>. AND
THERMAL MASS ABSORPTION COEFFICIENT Su
AND MASS SCATTERING COEFFICIENT S
Mass scattering coefficient S, = 0.13 cnr g ' (0.0038987 x 1():4 nlonis C
added to each cram of soil)
Absorption Sa Water Matrix Density p (g cm :)
(cm- g )
1.7088 x K)-1
3.418 x IO"-;
6.305 x It)-'
12.613 x 10- •'
18.914 x 10-'
Density w
(si cm"'1)
O.I
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.5
1.1491
2.7820
4.8649
7.2624
0.9818
2.5097
4.4971
6.8055
0.7993
2.1810
4.0354
6.2244
0.5733
1.7038
3.3044
5.2521
0.4491
1.4025
2.8036
4.5487
1.000
2.0934
4.2872
6.8 1 85
9.5459
1.6706
3.6423
5.9820
8.5410
1 .2645
2.9442
5.0218
7.3493
0.8319
2.0861
3.7287
5.6394
0.6204
1.6184
2.9684
4.5761
1.333
2.7969
5.3391
8.1346
11.0483
2.1673
4.4033
6.9420
9.6359
1.5936
3.4443
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In this series of calculations all mesh regions are f i l l e d with soil
matrix material, the source neutrons are emitted equally from all
mesh volumes with i n the region labelled 1 and the detector response
is proportional to the thermal neutron flux integrated over the
volume label led 2
Figure 1 Geometry assumed for source detector and soil surrounding the detector in the diffusion
theory calculation
Stainless steel case Brass plug
Neutron
Source =^ =J
E.H.T. resistor
chai n
Lead shield Photomultipiier
Neutron
Source
Lead shield
Glass scinti1lator
Figure 2 The construction of a typical neutron moisture meter probe. The stainless steel
case is 390 mm long and 2.54 mm diameter.
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Figure 3 Energy spectrum of the neutron source used in the calculation
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Figure 4a As a function of source-detector separation for various values of w, Sfl fixed at 1.7 X 10~3
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Figure 4 Relative neutron flux at the detector as a function of source-detector separation, Sa and a)
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Figure 5a The percentage change in flux at the detector as a function of cobalt concentration if
resonance absorption is ignored
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Figure 5b The percentage error in the water content as a function of cobalt concentration if
resonance absorption is ignored
Figure 5 The effect of resonance capture on neutron moisture meter results in soils of different
water content when cobalt is the resonant absorber
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Figure 6b The percentage error in the water content as a function of molybdenum concentration if
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Figure 6 The effect of resonance capture on neutron moisture meter results in soils of different
water content when molybdenum is the resonant absorber
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25
hairix d e n b i l y 2.0 9 cm"'
Matrix mass scattering coefficient O.J2 cm2 g~
Curve Sa(cmJ g"1)
1 1.7088 x 10'3
2 3.1|18 x 10'3
3 6.305 x IO'3
I) 12.613 x 10'3
5 18.911) x 10'3
/ H
Figure
h
12.0 [-
U
L
10.0 (-
8.0
£ 6.0 h
"1.0
2.0
0,0 L i i i
0.0 0.1 0.2 0.3
Water concentration {g cm'3)
Detector response as a I'unction of water content for various Su: matrix density 2.0 g cm"
0.1)
S,. 0.12 cm2 g"1
12.-0
§ 1 0 , 0
g 8..0 -
V
i 6,0
2.0
P 0.5 g cm"3
1 ' I—
(g cm"3)
O.'i
0.3
0.2
0.0 _L J_ I I I J_ J_
0.0 ^0 6.0 1 2 - 0 16,0
S (cm2 g"1 x 10"3)
a
20,0
Figure 12 Detector response as a function of Sa for various water content; matrix density 0.5 g cm 3
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Figure 14 Detector response as a function of Sa for various water content; matrix density 1.333 g cm~3
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Figure 16 Detector response as a function of Sa for various water content; matrix density 2.0 g cm-3
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Figure 20 Detector response as a function of matrix density for various w; Sfl 3.42 X 10~3 cm2 g~'
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